The tomato (Lycopersicon esculentum) acid phosphatase-1 (Apase-11, EC 3.1.3.2) isozyme variant, genetically linked to the root-knot nematode resistance locus (Mi) on chromosome 6, has been purified by a rapid procedure from tomato cell suspension cultures. Peptide fragments of the purified enzyme were generated from trypsin and Lys-C endoprotease digests and separated by reverse-phase high-performance liquid chromatography. Amino acid sequences derived from the purified peptide fragments represented >50% of the total amino acid content of the protein and enabled the construction of degenerate oligonucleotide probes that were used to screen a tomato cell culture complementary DNA library. Clones corresponding to full-length coding sequences for Apase-1 have been isolated and sequenced. Southem blot analysis of DNA isolated from a number of tomato cultivars shows that the Apase-11 gene (apsl) is present at one copy per genome and that genotypes containing the apsll allele have restriction fragment length polymorphisms that distinguish them from cultivars having the aps1+ allele. Segregation analysis demonstrates that the restriction fragment length polymorphisms are associated with the apsl locus. Tomato Apase-1' is also found to have significant homology at the amino acid sequence level to a class of vegetative storage proteins characterized in soybean.
A large number of disease resistance traits in plants have been identified and manipulated using conventional breeding techniques. In the majority of cases, however, no knowledge of the actual gene product is available. This lack of information represents one of the major barriers in plant molecular biology for the isolation and transfer of these genes to other plant species. One possible method for the isolation of disease resistance genes involves chromosome walking (21) , a technique dependent on the ability to identify a position on the genome that is tightly linked to a desired disease resistance locus. Methods by which one could identify starting points for chromosome walking include the use of RFLP2 probes or enzyme markers that have been mapped next to target loci (4) . Unfortunately, the size of typical plant genomes makes it ' Mailing address: 8399 Mulberry P1., Dublin, CA 94568. 2 Abbreviations: RFLP, restriction fragment length polymorphism; Apase-l', acid phosphatase-l (EC 3.1.3.2) electrophoretic isozyme variant; FPLC, fast-phase liquid chromatography; kb, kilobase; VSP, vegetative storage protein.
extremely difficult to generate sufficiently dense RFLP maps whereby traits can be closely linked to suitable probes. Likewise, genetic maps of biochemical markers, even for highly characterized genomes, such as tomato (24) , generally do not provide linkages to disease traits that could be used as starting points for molecular cloning. One exception to this precept is the acid phosphatase-1 gene (apsi) in tomato which is linked to root-knot nematode resistance ( 16) .
The root-knot nematode resistance trait (Mi) in tomato behaves as a single dominant gene and was derived from a wild species of tomato, Lycopersicon peruvianum (13, 16) . This species is also thought to be the source of the Apase-1' isozyme (16) . Cultivated tomatoes (Lycopersicon esculentum) typically have a fast electrophoretic isozyme variant, Apase-I' (16) . The distance from apsl to the Mi locus is estimated to be no greater than 0.894 centimorgan (13) which represents an average molecular distance of approximately 500 kb of DNA in the tomato genome (9) . This estimate may be subject to considerable error because it is known that recombination rates vary markedly at different chromosomal locations (9) . Nevertheless, recent technologies utilizing "jumping" libraries (8) , as well as yeast artificial chromosome libraries (3) , provide methods that make isolation ofthe Mi trait possible. To begin such an effort requires the isolation of an apsl genomic clone. An approach to this problem is to characterize the Apase-' enzyme at the amino acid level such that oligonucleotide probes can be constructed and used to screen a cDNA library. The appropriate Apase-1 cDNA clone can then be used to isolate the required genomic clone. In this report we describe the first phase of this work.
MATERIALS AND METHODS

Enzyme Assays
Apase-1' activity was determined by a cellulose acetate gel electrophoresis procedure using f3-3-napthylphosphate as the substrate (14) and by a microtiter plate assay using p-nitrophenylphosphate as the substrate. Other conditions for enzyme assays were as previously described (14) .
Purification of Apase-11 from Tomato Suspension Cells Tomato, Lycopersicon esculentum cv VFNT, cells were grown in 6-L flasks for 7 to 10 d with 1 L ofcomplete medium containing sucrose (14) . Six flasks yield 1.5 (2) .
Amino acid sequence data of Apase-' peptide fragments T 12 and TO0 shown in Table I DNA Sequence Analysis Nucleotide sequence data were generated with the dideoxy chain termination method of Sanger et al. (17) . The sequence information was obtained directly from the plasmids pLeapl and pLeap2 by using the supercoil sequencing method of Chen and Seeburg (7). Synthetic oligonucleotide primers were used throughout to provide sequence overlaps and extensions in both directions.
Genomic Characterization
Genomic DNA was prepared from greenhouse-grown tomato plants and digested with restriction enzymes as recommended by the supplier. Other procedures for electrophoresis and transfer of DNA to nitrocellulose membranes were as described previously (12) . Radiolabeled ([a-32P]UTP) RNA transcripts were prepared using a kit supplied by Promega and the subclones pLeapH2 and pLeapH3 which contained a T7 RNA polymerase promoter near the polycloning site. Incubation and membrane-washing conditions at high stringency were as described by Zamir and Tanksley (27) .
A segregation analysis (23) was done using two inbred lines of L. esculentum, cv Royal red cherry (Apase-l+ phenotype) and cv Short red cherry (Apase-l' phenotype). A backcross population of seeds was obtained by crossing an F, plant (Royal red cherry x Short red cherry, Apase-I1'+) with a Royal red cherry plant (maternal parent). Seeds were germinated, and DNA and crude enzyme extracts were prepared from individual plants for genomic analysis and for determination of Apase-1 isozyme patterns.
RESULTS
Purification of Apase-11
The procedure developed here for purification of Apase-11 is considerably faster than previously reported methods (14, 22) . Because the procedure eliminates the ammonium sulfate precipitation and lengthy dialysis steps the purification can be accomplished in 3 d. Each chromatography step can be carried out in <2.5 h with minimal sample manipulation between steps. Shown in Figure 1 are the two final steps in the purification of the enzyme. FPLC chromatography on Mono-Q resolves residual Apase-2 enzyme activity from Apase-l'. The Apase-1 and Apase-2 enzyme species were distinguished by the cellulose acetate gel electrophoresis assay (see "Methods and Materials"), and Apase-2 activity comprised the first peak of enzyme activity eluting from the Mono-Q column (see legend to Fig. 1 ). Mono-P chromatofocusing yielded near-pure Apase-1l, eluting as a major peak at pH 4.3. As shown in Figure 2 a single 29.0-kD band was detected after SDS gel electrophoresis. Approximately 25 to 50 ,ug of pure Apase-1' was recovered from 1.5 kg of packed cells. The presence of other interfering acid phosphatases, which account for most of the activity present in cell extracts, prevents the determination of overall recoveries and fold purifications (14) . The concentration of Apase-l1 in crude extracts was estimated by comparing the Apase-1 enzyme activity of crude and purified samples using the cellulose acetate gel electrophoresis procedure. Results indicate that the enzyme represents 0.005 to 0.01% of the total soluble protein (data not shown). Previous characterization of Apase-1 showed that the enzyme is composed oftwo identical subunits and has a native molecular mass of approximately 51 kD (14) . 
Peptide Purification and Characterization
Attempts to derive amino acid sequence data using undigested Apase-l' were unsuccessful, indicating that the Apase-1' protein is blocked at the N terminus. Cleavage of Apase-11 with endoproteases Lys-C and trypsin resulted in the peptide patterns shown in Figure 3 . Because Apase-l' was found to be resistant to protease digestion, levels >1:10 protease to Apase-l' (w/w) and 12 to 18 h of incubation were required to obtain extensive digestion. With trypsin, these conditions still resulted in incomplete digestion products. Lys-C digestion, under optimal conditions, appeared to result in complete digestion products with only one major peptide peak (peak L1O, Fig. 3 ) failing to yield sequence data. This peptide was assumed to correspond to the original blocked N terminus of Apase-l '. A summary ofthe sequence data derived for isolated peptide fragments is shown in Table I . Given a molecular mass of 29 kD, the sequence data corresponds to about 52% of the total amino acid sequence of Apase-1'. In a recent report, Tanaka et al. (22) determined a 14-amino acid sequence from the N terminus of purified leaf Apase-1' after pyroglutamyl-aminopeptidase treatment. The start of this sequence is identical with the five-amino acid sequence determined for peptide T2A in Table I . Further elaboration of this result is presented in the "Discussion."
The amino acid sequence information was used to design oligonucleotide probes that could be used to screen a tomato cell culture cDNA library (see "Materials and Methods"). Two oligonucleotide probes were constructed, one (oligo 465) was derived from the sequence of peptide TlO, and the other (oligo 462) was derived from the sequence of peptide T12 (Table I ). Because Apase-1' was found to be <0.01% of the total soluble protein, we expected the cDNA library to contain a very low representation of Apase-' cDNA clones. The probe oligo 465 was used to screen 3 x I05 colonies, and only two positive colonies were recovered, and both rescreened positive with the same probe. Oligo 462 yielded a greater number of positive signals on a similar number of colonies. However, only one of these colonies hybridized to oligo 465. Plasmid preparations from all three positive colonies were characterized by restriction mapping and found to be essentially identical. DNA sequence analysis showed that two of the clones were identical and are referred to as pLeap 1. The other, pLeap2, was found to differ by one nucleotide in the 3 '-noncoding region of the sequence and contained an additional five nucleotides at the 5' end. The complete cDNA sequence for pLeap2 is shown in Figure 4 Table I can be unambiguously aligned to the deduced amino acid sequence.
Apase-11, like other phosphatases characterized in tomato, Time (min) Figure 3 . HPLC purification of proteolytic digests of purified APase-11. HPLC-purified Apase-11 (50 jg) was digested with 5 ,ug trypsin (top) or 5 jsg Lys-C (bottom) as described in "Materials and Methods."
The resulting peptides were separated by reverse-phase HPLC chromatography. Numbered peaks yielded readable amino acid sequence data presented in Table I . may be a secreted enzyme (10) . Inspection of the amino acid sequence encoded by the cDNA indicates that the N-terminal region has considerable homology to a number of secretary signal peptides identified in eukaryotes (15, 25) . Using the rules described by Van Heijne (25), we predicted the signal peptidase cleavage site to occur after residue 15 in the sequence shown in Figure 4 . Comparisons of the deduced acid phosphatase sequence with the sequences of other phosphatase enzymes reported in GenBank (5) and the National Biomedical Research Foundation (Bethesda, MD) protein information resource data bases showed no discernible homologies. This suggests that Apase-1' represents a previously undescribed enzyme class.
Genomic Analysis of Tomato Cultivars
Fragments of the cDNA regions of pLeapl were subcloned into plasmids for use as genomic probes to characterize the apsi locus. Shown in Figure SB derived from purified peptides of protease digested Apase-11, except the ambiguous serine and cysteine residues have been assigned according to nucleotide sequence data. Codes preceding amino acid sequence data correspond to assignments in Figure 3 and Table I . Arrow following amino acid residue 15 indicates predicted cleavage site of signal peptide. Double underlined sequences at amino acid residues 54 to 56 and 142 to 144 indicate potential glycosylation sites. The sequence for pLeap1 lacked the first five nucleotides present at the 5' end of pLeap2, and nucleotide 804 in pLeap1 was identified as a T residue instead of a C residue. Figure 6 (bottom), corresponds to the N-terminal coding region of Apase-1'. This probe reveals RFLPs between these two genome types. Similar genomic analysis of a number of other tomato cultivars having different apsi alleles, using the Apase-1' cDNA as probe, revealed the same RFLP correlation (data not shown). If the RFLP band patterns observed above are correctly associated with the apsl locus, then it should not be possible to segregate an Apase-I isozyme phenotype from the corresponding RFLP patterns found in parentals. The segregation analysis shown in Figure 5A (Fig. 6A, lane 3) . Analysis of a backcross population of 38 progeny derived from a heterozygous F1 parent (Fig. 6A, lane 2) and a homozygous parent showed that the associated RFLP bands could not be segregated from a particular enzyme phenotype. Shown in Figure 5A is a representative sample of this study, and all progeny tested yielded similar results. Observed isozyme segregation ratios were 11 heterozygous plants (Apase-111+) to 27 homozygous plants (Apase-I'). The fit is not good to the expected ratio of 1:1; however, similar genetic deviations at the apsi locus have been noted ( 16) . The small number of hybridization bands observed on Southern blots using the subclones of pLeapl as probes and data derived from reconstruction experiments indicate that there is only one copy of apsi in the genome. Although the reconstruction experiment shown in Figure 6 shows genomic fragments with intensities less then one copy per genome, the amount of control reference DNA (HindIII-digested pLeap 1, lanes 4, 5, 6) was not corrected for chloroplast DNA content in genomic DNA preparations, which is estimated to be approximately 15%. Furthermore, the size of the genomic restriction fragments and the presence ofadditional restriction enzyme sites in genomic DNA that span the Apase-11 cDNA show that there must be at least two introns in the gene for Apase-l '. For example, RNA transcripts from pLeapH3 hybridize to a 1.4-kb BamHI genomic fragment and weakly to a 7.2-kb BamHI fragment (Fig. 5B) other features that these proteins have in common. Both Apase-l' and VSPs are glycosylated (14, 26) , and as shown in Figure 4 , one of the potential glycosylation sites (11) in Apase-1' occurs 10 amino acid residues away from the predicted glycosylation sites in VSP-A and VSP-B (Fig. 7) . Additionally, both species contain signal peptide sequences, 
VpA-
VpB-
VpA-L P N P MY indicating that the proteins are targeted to intra-or extracellular compartments.
DISCUSSION
In this paper we report the purification and characterization of a tomato Apase-1 enzyme. This characterization permitted the subsequent isolation of a tomato Apase-1 cDNA. The isolation of a second cDNA that differs by one nucleotide in the 3'-noncoding region is probably an artifact resulting from replication errors in cloning, because no genomic data could be found to corroborate a second apsi gene. The identity of the cDNA clone has been verified by comparison of the deduced amino acid sequence with the amino acid sequence data derived from proteolytic digests of the purified Apase-1' enzyme. In addition, genomic characterization of various tomato cultivars indicates that all genotypes that contain the apsl' allele are polymorphic with respect to cultivars that contain the apsl+ allele. Segregation analysis further demonstrates that the RFLPs observed are linked to the apsi locus. It is unlikely that such correlations would be observed if the sequence did not represent a true Apase-11 cDNA clone. The presumption that the cDNA clone represents a complete amino acid-coding region is supported by the identification of a 14-residue signal peptide sequence (minus N-terminal Met) at the amino terminus of the coded protein. This signal peptide has considerable homology to other signal sequences of secreted proteins (15, 25) . Tanaka et al. (22) sequenced 14 amino acids of the amino terminus of pyroglutamyl-aminopeptidase-treated Apase 1 purified from tomato leaf tissue. Their sequence begins at amino acid position 41 in the sequence shown in Figure 4 . It seems unlikely that the Apase-1 characterized in this report begins at this position. The first five residues in the sequence identified by Tanaka et al. (22) were identical with one of the sequences determined here from purified trypsin fragments (T2A, TableI). It is not clear how arginine, which is the next residue upstream from this sequence, could form an N-terminal blocked residue that would be cleaved by pyroglutamyl-aminopeptidase (6) .
Southern blot analysis shows that there is only one copy of the apsi gene in the tomato genome. This also suggests that the myriad of other acid phosphatases present in tomato must be unrelated or sufficiently divergent that hybridization does not occur to Apase-' cDNA probes, even under conditions of mild stringency (data not shown) as defined by Zamir and Tanksley (27) .
These observations lend support to the premise that the Apase-1 cDNA will be of use for the initiation of chromosome walking to the Mi locus. Additional characterization at the genomic level will be necessary to determine whether this new chromosomal marker will ultimately lead to the isolation of a root-knot nematode resistance gene.
One surprising result in this study was the observation that the protein sequence of Apase-l' has high homology to two subunits of a VSP characterized in soybean (18, 19) . The amino acid sequences for these proteins have approximately 45% homology (identities) to Apase-11, which suggests that the 27-and 25-kD VSP proteins are also subunits of an acid phosphatase. Preliminary experiments in this laboratory indicate that a purified VSP from depodded soybean plants
